Introduction {#S0001}
============

Gastric cancer (GC) remains one of the most lethal cancers in the world. Although significant advances have been made in the treatment of GC, the long-term outcomes for GC patients remain unsatisfactory. The 5-year survival rate for patients with advanced GC remains poor.[@CIT0001]--[@CIT0004] Therefore, there is an urgent requirement for investigations that may identify the molecular mechanisms important for GC development and progression, and that may lead to the development of novel therapeutic modalities.

The hepatitis B X-interacting protein (HBXIP) is a conserved \~18 kDa protein that interacts with the C-terminus of the hepatitis B virus X protein.[@CIT0005]--[@CIT0007] HBXIP is overexpressed in several malignancies and plays a vital role in regulating cell proliferation, apoptosis, and cell division.[@CIT0008] Nonetheless, the role of HBXIP in GC progression is unclear.

Glucose metabolic reprogramming is very common in a variety of cancers. Cancer cells proliferate very rapidly, and therefore, they produce more energy by glycolysis for macromolecular synthesis.[@CIT0009]--[@CIT0012] Otto Warburg reported that cancer cells tend to favor aerobic glycolysis than oxidative phosphorylation (OXPHOS) to generate energy. This is known as the Warburg effect.[@CIT0013]--[@CIT0017] Recently, several reports suggested that HBXIP was involved in the reprogramming of glucose metabolism. HBXIP promoted the proliferation of hepatocellular carcinoma cells by suppressing gluconeogenesis.[@CIT0018] In breast cancer, HBXIP's suppression of the synthesis of cytochrome C oxidase 2 (SCO2) and pyruvate dehydrogenase E1 alpha 1 (PDHA1) expressions promoted glucose metabolic reprogramming.[@CIT0019] However, our understanding of the role of HBXIP in glucose metabolic reprogramming is insufficient. Furthermore, its role in GC progression has not been studied.

It has been shown that the activation of oncogenes, signaling pathways, and transcription factors, as well as the inactivation of tumor suppressors, induce the Warburg effect in cancer cells.[@CIT0020] Noticeably, the phosphoinositide-3-kinase/protein kinase B (PI3K/AKT) pathway plays a crucial role in many processes involved in glucose metabolism.[@CIT0021] Moreover, the tumor suppressor protein p53 can bind to glucose-6-phosphate dehydrogenase (G6PD) and block its dimerization and activity, thereby suppressing the pentose phosphate pathway (PPP). A recent study has also reported that p53 dysfunction could contribute to the Warburg effect.[@CIT0022]

Therefore, we explored the function of HBXIP in GC. In our study, we found that HBXIP overexpression promoted GC progression, potentially by regulating glucose metabolism via the PI3K/AKT and the p53 signaling pathways.

Materials and Methods {#S0002}
=====================

Tissue Samples {#S0002-S2001}
--------------

Paired GC and corresponding adjacent non-tumor tissues were obtained from 100 patients who had radical gastrectomy at The Second People's Hospital of Lianyungang, Jiangsu, China. Patient consent was acquired before specimen collection. After collection, tissues were frozen and preserved in liquid nitrogen.

Cell Culture {#S0002-S2002}
------------

All cell lines were procured from the Chinese Academy of Sciences (Shanghai, China), cultured in the RPMI-1640 medium containing 10% fetal bovine serum (FBS; Gibco, USA) and incubated in a humidified atmosphere under 5% CO~2~ at 37°C.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) {#S0002-S2003}
----------------------------------------------------------

Total RNA was extracted using the TRIzol reagent (Invitrogen), and cDNA was synthesized using the PrimeScript RT Reagent (TaKaRa Bio). qRT-PCR was carried out on the 7500 Real-time PCR System. The specific primers used were as follows: HBXIP forward 5ʹ-GAGCCCAAGCCTTCGTCAG-3ʹ and reverse 5ʹ-GGCACGTCCTTCTCCACCA-3ʹ; β-actin forward 5ʹ-GCATCGTCACCAACTGGGAC-3ʹ and reverse 5ʹ-ACCTGGCCGTCAGGCAGCTC-3ʹ.

Cell Transfection {#S0002-S2004}
-----------------

Vectors for the up- and down-regulation of HBXIP using the lentiviral gene transfer system were purchased from Genepharma (Shanghai, China). Stable cell lines were established by puromycin (6 μg/mL; Sigma-Aldrich, USA) selection of transduced GC cells.

Cell Counting Kit-8 (CCK-8) Assays {#S0002-S2005}
----------------------------------

Cells were seeded into 96-well plates at 2000 cells/well and cultured in 100 µL/well RPMI 1640 (10% FBS) for five days. CCK-8 solution (10 µL) was then added, and the plates were incubated for 2 h at 37°C. To measure proliferation, the plates were read at 450 nm optical density (OD).

Colony Formation Assay {#S0002-S2006}
----------------------

Cells were seeded at 500 cells/well in 6-well plates and cultured in 2 mL RMPI-1640 medium (10% FBS). After three weeks, GC cells were stained using crystal violet for 20 min, and the numbers of colonies containing more than 50 cells were counted.

5-Ethynyl-2ʹ-Deoxyuridine (EdU) Assay {#S0002-S2007}
-------------------------------------

The EdU assay was performed according to the manufacturer's instructions. In brief, cells were treated with 50 µM EdU, and 400 μL of the ApolloR reaction cocktail was added to fluorescently-label EdU. Hoechest33342 (400 μL) was also added to identify the nuclei.

Flow Cytometry {#S0002-S2008}
--------------

Flow cytometric (FCM) methods were employed to detect cell cycle and apoptotic effects. For cell cycle analysis, GC cells were harvested and centrifuged at 1500 rpm for 3 min. Cells were then fixed overnight in 2 mL chilled 75% ethanol. Just prior to detection, the cells were rinsed using phosphate-buffered saline (PBS) and stained with 500 µL propidium iodide (PI) for 20 min at 37°C. For apoptosis detection, GC cells were harvested, washed, and resuspended in chilled PBS. Apoptotic cells were stained for 20 min with PI and Annexin V-FITC at 37°C in the dark. Data were acquired with the FACScan flow cytometer.

Wound Healing Assay {#S0002-S2009}
-------------------

HGC27 and SGC7901 cells (8×10^5^ cells/well) were seeded in 6-well plates and cultured until confluency. A sterile 200 μL pipet tip was used to introduce a uniform scratch. After 24 h, the magnitude of wound recovery was captured using a microscope (Nikon, Japan).

Transwell Assays {#S0002-S2010}
----------------

Cell migration and invasion were evaluated by transwell migration and invasion assays (Corning, USA). For the migration assay, 500 μL culture medium and 200 μL serum-free medium containing 2×10^4^ GC cells were added to the lower and upper chambers, respectively. For invasion assays, a similar setup was made, where cells were seeded in the upper chamber, this time a coat of Matrigel separates the upper and lower chambers. After 24 h, the cells in the upper chamber were removed, and those that have migrated and invaded were dyed using crystal violet for 20 min, counted, and statistically analyzed.

Glucose Consumption and Lactate Production {#S0002-S2011}
------------------------------------------

The glucose uptake colorimetric assay (Biovision) and the lactate colorimetric assay (Biovision) kits were used to detect glucose consumption and lactate production in GC cells, according to the manufacturer's instructions.

Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) {#S0002-S2012}
-------------------------------------------------------------------------

The OCR and ECAR were detected using the Seahorse Bioscience XF24 extracellular flux analyzer (Seahorse Bioscience), according to the manufacturer's instructions.[@CIT0011]

Western Blot Analyses {#S0002-S2013}
---------------------

Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transfer to polyvinylidene difluoride (PVDF) membranes (Millipore, USA). After blocking at 37°C for 2 h, the membranes were incubated with primary antibodies at 4°C overnight. The membranes were washed with tris-buffered saline-tween (TBST) and incubated with secondary antibodies at 37°C for 2 h, and the specific proteins were detected using the electrochemiluminescence (ECL) detection system.

Metabolomics Determination {#S0002-S2014}
--------------------------

Metabolic profiling was carried out using a UPLC Ultimate 3000 system (Dionex, Germering, Germany) coupled to an Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The mass spectral data were collected in both positive and negative modes simultaneously. The chromatographic separation was carried out in a 1.9 μm Hypersile Gold C18 column (100 mm × 2.1 mm; Thermo Fisher Scientific, Bremen, Germany) maintained at 40°C. A multistep gradient with mobile phases consisting of 0.1% formic acid (solvent A) and acetonitrile (solvent B) was used. The gradient operated at a flow rate of 0.4 mL/min over a total run time of 15 min. The UPLC autosampler temperature was set at 4°C, and the injection volume for each sample was 10 μL. For both positive and negative modes, the operating parameters were as follows: 3.5 kV positive spray voltage, 2.5 kV negative spray voltage, 300°C capillary temperature, 50 arbitrary units for sheath gas flow, and 13 arbitrary units for auxiliary gas flow.

Tumor Xenograft Model {#S0002-S2015}
---------------------

Female nude mice (4 weeks old) were obtained from Vitalriver (Nanjing, China). To study proliferation in vivo, 12 mice were randomly assigned to 4 groups (n *=* 3 per group). Stably transfected cell lines (HGC27-sh-HBXIP, HGC27-sh-ctrl, SGC7901-LV-HBXIP, and SGC7901-LV-NC) were injected subcutaneously into the flanks of the nude mice (1×10^6^/100 µL PBS). HGC27-sh-ctrl and HGC27-sh-HBXIP cells (1×10^6^ cells/100 µL PBS) were injected into the tail vein of nude mice (6 mice/group) to study metastasis in vivo. Four weeks later, the IVIS imaging system was employed to identify distant metastases.

Immunohistochemistry (IHC) {#S0002-S2016}
--------------------------

Immunohistochemistry was performed as per a previously described method.[@CIT0023] The following primary antibodies were used: HBXIP (Abcam), p-AKT, p53, Bax, N-cadherin, vimentin, E-cadherin (Cell signaling technology), and Ki-67 (Maixin Bio, China).

Statistical Analysis {#S0002-S2017}
--------------------

SPSS 19.0 software package was employed to perform statistical analyses. The data were expressed as mean ± standard deviation (SD). The p values: \*P \< 0.05, \*\*P \< 0.01, and \*\*\*P \< 0.001 was used to indicate statistical significance.

Results {#S0003}
=======

HBXIP Is Up-Regulated in Human GC and Is Related to Its Clinicopathological Features {#S0003-S2001}
------------------------------------------------------------------------------------

Using The Cancer Genome Atlas (TCGA) stomach adenocarcinoma mRNA sequencing datasets, we found that HBXIP expression is low in normal gastric tissues (n = 32), but is dramatically elevated in gastric cancer tissues (n = 375) ([Figure 1A](#F0001){ref-type="fig"}). To further analyze the expression of HBXIP in GC, we performed qRT-PCR on 100 paired GC and corresponding normal tissues. We found that HBXIP mRNA expression was higher in GC tissues than in the corresponding normal tissues ([Figure 1B](#F0001){ref-type="fig"}). HBXIP protein expression was then determined in six randomly chosen GC and normal tissue pairs using Western blot. HBXIP expression was consistently higher in GC tissues in comparison to normal tissues ([Figure 1C](#F0001){ref-type="fig"}). Moreover, when we explored HBXIP expression in GES-1 and GC cell lines by qRT-PCR, we found that HBXIP mRNA levels were elevated in the GC lines but not in the normal GES-1 cell line ([Figure 1D](#F0001){ref-type="fig"}). Consistent with the in vivo result, Western blot revealed that HBXIP expression was elevated in GC cell lines ([Figure 1E](#F0001){ref-type="fig"}). IHC was also performed to investigate the expression of HBXIP in 12 pairs of GC and normal tissues. We found that the GC tissues highly expressed HBXIP, while it was poorly expressed in the non-tumor tissues. Representative images of HBXIP expression in tissues have been shown in [Figure 1F](#F0001){ref-type="fig"}. These results demonstrated that HBXIP was up-regulated in human GC.Figure 1HBXIP expression in GC tissues, cells, and transfected cells. (**A**) TCGA sequencing data of HBXIP tissue expression. (**B**) HBXIP mRNA expression in 100 paired GC and non-tumor tissues as quantified by quantitative polymerase chain reaction (qRT-PCR). (**C**) HBXIP protein expression in six randomly selected pairs of GC (T) and non-tumor (N) tissues as determined by Western blot. (**D, E**) HBXIP expression in GC and GES-1 cells as quantified by qRT-PCR and Western blot. (**F**) Representative images of HBXIP staining in GC and non-tumorous tissues. (**G**) A Kaplan--Meier graph showing the 5-year overall survival (OS) of patients with "HBXIP High" and "HBXIP Low"-expressing tumors. (**H, I**) qRT-PCR and Western blot validation of HBXIP expression in cells transfected with sh-ctrl, sh-HBXIP, LV-NC, and LV-HBXIP vectors. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

We further evaluated the link between HBXIP mRNA expression and GC clinicopathology. GC patients were allocated into two groups based on their HBXIP mRNA expression levels. The data revealed that patients with high HBXIP expression had larger tumors, more advanced cancer stage, and more lymph node metastases N1--N3 ([Table 1](#T0001){ref-type="table"}). A Kaplan--Meier survival curve demonstrated that GC patients with high HBXIP expression had worse overall survival (OS) than those with low HBXIP expression (P = 0.0019; [Figure 1G](#F0001){ref-type="fig"}). Multivariate analysis by COX regression showed that high HBXIP expression was an independent prognostic factor predicting worse survival outcomes for GC patients ([Table 2](#T0002){ref-type="table"}). These results demonstrated that HBXIP was positively correlated with GC progression.Table 1Expression of HBXIP Protein in Human Gastric Cancer According to Patients' Clinicopathological CharacteristicsCharacteristicsNumber(%)HBXIP ExpressionP valueHigh GroupLow GroupAge (Years) \<6048(48.0%)20280.109 ≥6052(52.0%)3022Gender Male64(64.0%)35290.211 Female36(36.0%)1521Histology grade Well/Moderately44(44.0%)23210.687 Poorly56(56.0%)2729Size(cm) ≥351(51.0%)3120**0.028\*** \<349(49.0%)1930Stage I/II52(52.0%)1933**0.005\*\*** III/IV48(48.0%)3117T Grade T1+T236(36.0%)17190.677 T3+T464(64.0%)3331Lymph Node Metastasis Present (N1--N3)45(45.0%)3312**0.000^\#^** Absent(N0)55(55.0%)1738[^2] Table 2Univariate and Multivariate Overall Survival Analysis of Prognostic Factors for GC Patients (n = 100)Clinicopathologic ParametersOverall SurvivalUnivariate AnalysisMultivariate AnalysisHR95% CI*P* valueHR95% CI*P* valueAge (\>50 years vs ≤50 years)\
Gender (female vs male)\
Histology grade (Poorly vs Well/moderately)\
Tumor size (≥3cm vs \<3cm)\
stage (III/IV vs I/II)\
T grade (T3+T4 vs T1+T2)\
Lymph node metastasis(N1-N3 vs N0)\
HBXIP expression (high vs low)0.780.35--2.320.7311.150.58--2.810.7871.240.86--1.980.6251.581.22--2.58**0.036**\*NI3.781.88--4.02**0.003**3.081.20--3.84**0.028**\*1.280.91--1.990.4253.961.94--4.18**\<0.001**\*\*\*3.551.46--3.92**0.012**\*3.161.42--3.95**0.008**\*\*2.331.13--3.14**0.036**\*[^3][^4]

HBXIP Promotes the Proliferation of GC Cells {#S0003-S2002}
--------------------------------------------

To investigate the biological functions of HBXIP in GC, we selected two GC cell lines based on their HBXIP mRNA levels as detected by qRT-PCR. We knocked down HBXIP in HGC27, a cell line that highly expressed this protein, and overexpressed it in the low expressing SGC7901 line, to produce HGC27-sh-HBXIP and SGC7901-LV-HBXIP respectively. Control vectors were also introduced into these cell lines to produce negative control lines: HGC27-sh-ctrl and SGC7901-LV-NC. qRT-PCR and Western blotting were used to verify the transfection efficiency of HBXIP in these cells. As shown in [Figure 1H](#F0001){ref-type="fig"} and [I](#F0001){ref-type="fig"}, HGC27-sh-HBXIP cells had a 70% reduction of HBXIP expression in comparison to the expression in HGC27-sh-ctrl (negative control) cells, whereas SGC7901-LV-HBXIP cells had a 10.8-fold increase in HBXIP expression when compared to the expression in SGC7901-LV-NC (negative control) cells.

A CCK-8 assay was used to investigate the effects of HBXIP on GC proliferation in these cell lines. It showed that the HBXIP-silenced HGC27-sh-HBXIP cell line proliferated at a slower rate in comparison to their non-silenced counterpart. In contrast, overexpressing HBXIP in SGC7901-LV-HBXIP cells promoted proliferation ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). We further used an EdU incorporation assay, which has greater specificity and sensitivity, to investigate HBXIP's effect on proliferation. There were fewer EdU-positive cells in the HGC27-sh-HBXIP cell line than in its control vector counterpart (HGC27-sh-ctrl). However, in comparison to SGC7901-LV-NC cells, SGC7901-LV-HBXIP had more EdU positive cells ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). We next investigated the capacity of these cells to form colonies and found that HBXIP down-regulation resulted in an impairment of this ability. Whereas, more colonies were formed when HBXIP was overexpressed in the SGC7901 cell line ([Figure 2E](#F0002){ref-type="fig"} and [F](#F0002){ref-type="fig"}). These in vitro results indicated that HBXIP positively regulated the proliferation of GC cells.Figure 2HBXIP promotes cell proliferation and inhibits cell apoptosis. (**A, B**) The proliferation of the stably transfected GC cells as measured by the CCK-8 assay. (**C, D**) The proliferation of the stably transfected GC cells as measured by the EdU assay. (**E, F**) The effects of changing HBXIP expression on the colony formation. (**G**) The effects of changing HBXIP expression on cell cycle distribution. (**H**) The effects of changing HBXIP expression on cell apoptosis as measured by fluorescence-activated cell sorting (FACS). (**I**) Western blot of apoptotic proteins: Bax, Bcl-2, cleaved Caspase 3, and p53. \*\*p\<0.01, \*\*\*p\<0.001.

HBXIP Inhibits G0/G1 Cell Cycle Arrest and Suppresses the Apoptosis of GC Cells {#S0003-S2003}
-------------------------------------------------------------------------------

To explore whether the HBXIP-induced changes in proliferation was due to perturbation of the cell cycle, we investigated the cell cycle distribution of these GC cell lines by FCM. We found that knockdown of HBXIP expression in HGC27-sh-HBXIP cells induced G0/G1 cell cycle arrest, whereas the up-regulation of HBXIP expression in SGC7901-LV-HBXIP cells had the opposite effect ([Figure 2G](#F0002){ref-type="fig"}).

FCM was also used to investigate the effect of HBXIP on apoptosis. The HGC27-sh-HBXIP cell line had more apoptotic cells than their HGC27-sh-ctrl counterparts. Conversely, the up-regulation of HBXIP in SGC7901-LV-HBXIP cells suppressed apoptosis ([Figure 2H](#F0002){ref-type="fig"}). The expression of apoptotic genes such as the anti-apoptotic protein Bcl-2, the tumor suppressor gene p53, the pro-apoptotic protein Bax, and cleaved caspase-3 was also determined by Western blotting. With HBXIP knockdown in HGC27-sh-HBXIP cells, the expression of pro-apoptotic p53, Bax, and cleaved caspase-3 had increased, whereas, anti-apoptotic protein Bcl-2 expression was down-regulated. Conversely, the opposite was observed in the SGC7901-LV-HBXIP cell line that overexpressed HBXIP ([Figure 2I](#F0002){ref-type="fig"}). In general, these in vitro findings indicated that HBXIP inhibited cell cycle progression by inducing G0/G1 arrest and suppressed apoptosis in GC.

HBXIP Promotes the Migration and Invasion of GC Cells {#S0003-S2004}
-----------------------------------------------------

The clinicopathological features associated with HBXIP expression listed in [Table 1](#T0001){ref-type="table"} suggest that HBXIP may have a role in GC migration and invasion. The effect of HBXIP expression on GC cell migration was investigated using a wound healing assay. The ability of HGC27 cells to migrate was decreased when HBXIP was knocked down, whereas, in the overexpressing SGC7901-LV-HBXIP cell line, this effect was increased ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). The transwell assay was also used to determine the effects of HBXIP on migration and invasion. Consistent with the wound healing assay, GC cell migration through the transwells was impaired when HBXIP was knocked down, while it was enhanced when this protein was overexpressed ([Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}). Moreover, silencing HBXIP also significantly impaired GC cell invasion through the Matrigel layer, whereas HBXIP up-regulation augmented this effect ([Figure 3E](#F0003){ref-type="fig"} and [F](#F0003){ref-type="fig"}).Figure 3HBXIP promotes GC cell migration, invasion, and EMT. (**A, B**) Wound healing assays showing GC cell migration. (**C, D**) Transwell migration assays of stably-transfected GC cells following transfection with sh-HBXIP, LV-HBXIP, or empty vector. (**E, F**) Matrigel invasion assays of the stably transfected GC cells following transfection with sh-HBXIP, LV-HBXIP, or empty vector. (**G**) Representative images showing changes in cell morphology when HBXIP expression was altered. (**H**) The expression of EMT markers in response to changing HBXIP expression as detected by Western blot. (**I, J**) Immunofluorescence showing of E-cadherin (green) and N-cadherin (red) expression in SGC7901 and HGC27 cells. \*\*p\<0.01, \*\*\*p\<0.001.

Epithelial-to-mesenchymal transition (EMT) is considered essential for tumor cells to migrate and invade.[@CIT0024],[@CIT0025] As shown in [Figure 3G](#F0003){ref-type="fig"}, HGC27 cells became tightly packed when HBXIP was silenced, which is a morphological characteristic attributed to GC epithelial cells. Whereas, HBXIP up-regulation in SGC790 cells led to a more spindle-like mesenchymal morphology. The expression of "EMT master genes" was also assessed to determine whether HBXIP promoted cell migration and invasion via EMT. The HBXIP-silenced HGC27-sh-HBXIP cells had up-regulated expression of the epithelial marker E-cadherin and reduced expression of mesenchymal markers N-cadherin and vimentin, and the EMT transcription factors snail and slug. Conversely, HBXIP up-regulation showed the opposite effect in the SGC7901-LV-HBXIP cells ([Figure 3H](#F0003){ref-type="fig"}). Immunofluorescence revealed that silencing HBXIP increased the expression of E-cadherin and reduced that of N-cadherin, whereas HBXIP up-regulation had the opposite effects ([Figure 3I](#F0003){ref-type="fig"} and [J](#F0003){ref-type="fig"}). In general, these data demonstrated that HBXIP modulates GC cell migration and invasion by promoting EMT.

HBXIP Promotes Glucose Metabolism in GC Cells {#S0003-S2005}
---------------------------------------------

To explore the effects of HBXIP expression on cellular metabolism, we used HPLC to identify glycolysis-related metabolites. In comparison to their vector controls, HBXIP knockdown in GC cell lines exhibited a reduced glucose metabolism, whereas its overexpression had the opposite effect ([Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}). We then examined glucose consumption and lactate production. As anticipated, HBXIP silencing in HGC27-sh-HBXIP cells decreased glucose consumption and lactate production. Whereas, HBXIP up-regulation in SGC7901-LV-HBXIP cells had opposite effects, suggesting that HBXIP stimulated glycolysis ([Figure 4C](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}). ECAR measures the rate of lactate-induced acidification of culture medium and is another measurement of glucose metabolism. Silencing HBXIP in HGC27 cells decreased ECAR while HBXIP up-regulation in SGC7901 cells increased this measurement ([Figure 4E](#F0004){ref-type="fig"} and [F](#F0004){ref-type="fig"}). ECAR results indicated that HBXIP promoted lactate formation during glycolysis. Cellular oxygen consumption, as measured by the OCR, could directly reflect a mitochondrial respiration. The OCR was reduced when HBXIP was knocked down in HGC27 cells and increased when it was overexpressed in SGC7901 cells ([Figure 4G](#F0004){ref-type="fig"} and [H](#F0004){ref-type="fig"}). This indicates that HBXIP is a regulator of mitochondrial respiration, and increase in the glucose consumption is accompanied by elevated mitochondrial metabolism. Taken together, these results demonstrate that HBXIP promotes glucose uptake and increases glycolysis and mitochondrial respiration in GC cells.Figure 4Upregulation of HBXIP increases glucose metabolism in GC (**A, B**) Glycolysis-related metabolites produced by HGC27 and SGC7901 cells as determined by HPLC. (**C, D**)  The effect of altering HBXIP expression on glucose consumption and lactate production as determined using culture medium. (**E, F**) The extracellular acidification rate (ECAR) measuring changes in GC glycolysis when HBXIP expression was altered. Glucose, oligomycin, and 2-deoxyglucose (2-DG) were added at the indicated points. (**G, H**) The oxygen consumption rate (OCR) showing changes in mitochondrial respiration when HBXIP expression was altered. Oligomycin, FCCP, and rotenone were added at the indicated points. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

HBXIP Promotes Glucose Metabolism by Activating PI3K/AKT Signaling and Inhibiting p53 Signaling {#S0003-S2006}
-----------------------------------------------------------------------------------------------

The reprogramming of glucose metabolism in cancer cells has been attributed to a wide range of causal factors. Among these, the PI3K/AKT pathway, which regulates multiple glucose metabolic processes, plays a crucial role. We showed that silencing HBXIP in HGC27 cells significantly decreased the expression of phospho-AKT (pAKT), whereas HBXIP overexpression in SGC7901 cells significantly increased pAKT ([Figure 5A](#F0005){ref-type="fig"}). To further investigate the role of PI3K/AKT in HBXIP-induced glucose metabolic reprogramming, we treated SGC7901-LV-HBXIP cells with the PI3K inhibitor LY294002. The results showed that following a 24-h incubation with LY294002, AKT was inactivated in these cells with a decrease in pAKT expression ([Figure 5B](#F0005){ref-type="fig"}). Furthermore, treatment with LY294002 decreased both glucose consumption and lactate production ([Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}). Correlatively, the ECAR and OCR were also decreased by LY294002 treatment ([Figure 5E](#F0005){ref-type="fig"} and [F](#F0005){ref-type="fig"}). These findings suggest that HBXIP activates PI3K/AKT signaling and thus promote glucose metabolic reprogramming in GC cells.Figure 5Molecular mechanisms underlying glucose metabolic reprogramming in SGC7901-LV-HBXIP cells. (**A**) Western blot of p-AKT and AKT cellular expression. (**B)** The expression of p-AKT and AKT following treatment with LY294002 as detected by Western blot. (**C, D**) Glucose consumption and lactate production following treatment with LY294002. (**E, F**) The extracellular acidification rate (ECAR) and the oxygen consumption rate (OCR) in cells following LY294002 treatment. (**G**) Verification of p53 and G6PD expressions by Western blot. (**H, I)** Glucose consumption and lactate production in SGC7901 cells following restoration of p53 expression in these cells. (**J, K**) The ECAR and OCR following restoration of p53 expression in these cells. \*p\<0.05, \*\*p\<0.01.

p53 dysfunction has previously been shown to activate PPP and contribute to the Warburg effect. As shown in [Figure 2I](#F0002){ref-type="fig"}, in comparison to the control cell lines, p53 expression was elevated in HGC27-sh-HBXIP cells and reduced in SGC7901-LV-HBXIP cells. To further investigate the role of p53 in HBXIP-induced metabolic reprogramming, the wild-type p53 gene was transfected into the SGC7901-LV-HBXIP cell line, and its expression was verified by Western blotting ([Figure 5G](#F0005){ref-type="fig"}). Western blotting was also employed to confirm the inverse relationship between p53 and G6PD. As expected, G6PD expression was higher in SGC7901-LV-HBXIP than in their vector counterpart, and restoration of p53 expression in these cells suppressed G6PD expression ([Figure 5G](#F0005){ref-type="fig"}). Furthermore, restoration of p53 expression also decreased glucose consumption and lactate production in these cells ([Figure 5H](#F0005){ref-type="fig"} and [I](#F0005){ref-type="fig"}). Accordingly, the ECAR and the OCR were decreased when p53 expression was restored ([Figure 5J](#F0005){ref-type="fig"} and [K](#F0005){ref-type="fig"}). These results indicated that HBXIP promoted PPP and contributed to the Warburg effect by inhibiting p53 expression.

HBXIP-Induced Glucose Metabolic Reprogramming Promotes Proliferation, Migration, and Invasion {#S0003-S2007}
---------------------------------------------------------------------------------------------

To further clarify the mechanisms underlying HBXIP-induced GC cell proliferation, migration, and invasion, we inhibited the PI3K/AKT and the p53 signaling pathways. HBXIP's effects on proliferation and apoptosis in SGC7901-LV-HBXIP cells was reversed by either PI3K/AKT inhibition or by restoration of the p53 expression ([Figure 6A](#F0006){ref-type="fig"}--[D](#F0006){ref-type="fig"}). HBXIP-mediated enhancement of migration and invasion was likewise reversed ([Figure 6E](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}). Cumulatively, these results demonstrated that HBXIP-induced metabolic reprogramming was responsible for GC proliferation, migration, and invasion.Figure 6Targeting the PI3K/AKT and p53 pathways in the HBXIP-mediated reprogramming of glucose metabolism promotes cell proliferation, migration, and invasion. (**A--C**) CCK8 and colony formation assays testing the effect of blocking the PI3K/AKT pathway or restoring p53 on SGC7901-LV-HBXIP cell proliferation. (**D**) The apoptotic rate of GC cells as measured by flow cytometry when the PI3K/AKT pathway was blocked or when p53 expression was restored in SGC7901-LV-HBXIP cells. (**E, F**) Transwell assays showing SGC7901-LV-HBXIP cell migration following blockage of the PI3K/AKT pathway or restoration of p53. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

The in vivo Effects of HBXIP on Tumor Growth, Apoptosis, Metastasis, and EMT {#S0003-S2008}
----------------------------------------------------------------------------

For in vivo validation of our in vitro results, we established GC xenograft models from the stably transfected HGC27-sh-HBXIP and SGC7901-LV-HBXIP cell lines and their paired negative controls. As shown in [Figure 7A](#F0007){ref-type="fig"}--[D](#F0007){ref-type="fig"}, tumor growth was reduced with HBXIP knockdown in HGC27-derived tumors, whereas this was promoted in HBXIP--overexpressing SGC7901 tumors. To explore whether HBXIP down-regulation could inhibit GC metastasis in vivo, HGC27-sh-HBXIP and HGC27-sh-ctrl cells were injected into the tail vein of nude mice. Four weeks later, the nude mice injected with HGC27-sh-ctrl cells displayed a higher incidence of distant metastasis (5/6), than those injected with HGC27-sh-HBXIP (1/6; [Figure 7E](#F0007){ref-type="fig"}). Metastases to the main organs are listed in [Figure 7F](#F0007){ref-type="fig"}. Tumor tissues were also investigated for the expression of proliferation, apoptotic, and EMT markers. [Figure 7G](#F0007){ref-type="fig"} showed that HGC27-sh-HBXIP tumors possessed a lower proliferation (Ki67 labeling) index in comparison to their vector control, whereas the opposite was observed in SGC7901-transfected tumors. HBXIP knockdown in HGC27-transfected tumors also increased p53 and Bax expressions, which were decreased in SGC7901-LV-HBXIP tumors. Similarly, the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay also showed that the apoptotic index was significantly higher in HGC27-sh-HBXIP tumors than in those derived from their control cell line, indicating that cell viability was compromised. However, in SGC7901-derived tumors, the opposite effect was observed. HBXIP knockdown tumors had increased E-cadherin and decreased N-cadherin and vimentin expressions, which indicates that EMT was inhibited. The opposite effect was observed in SGC7901-derived tumors, demonstrating that EMT was enhanced in these tumors. AKT activity was also down-regulated in HGC27-sh-HBXIP-derived tumors, and up-regulated in SGC7901-LV-HBXIP tumors.Figure 7The effects of HBXIP knockdown or overexpression on tumor growth, metastasis, and EMT in GC xenograft models established from transfected HGC27 and SGC7901 cell lines. (**A, B**) Representative images of tumors sections. (**C**) Tumor growth curve showing the tumor volume as a function of time (**D**) The mean tumor weight in these xenograft models. (**E**) Representative images of distant metastases captured by the IVIS Imaging System four weeks after HGC27-sh-HBXIP and HGC27-sh-ctrl cells were injected into the tail vein of nude mice. (**F**) The type and number of main organ metastases. (**G**) Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) and immunohistochemical (IHC) staining of pAKT, E-cadherin, N-cadherin, vimentin, Bax, p53, and ki67 in tumors. (**H**) The expression of proliferation, apoptosis, metastasis, and EMT markers in the xenograft tumors as measured by Western blot. \*\*p\<0.01, \*\*\*p\<0.001.

Western blot was employed to confirm the data obtained by IHC ([Figure 7H](#F0007){ref-type="fig"}). Consistent with in vitro results, pAKT expression was suppressed in HGC27-sh-HBXIP tumors, but were increased in SGC7901-LV-HBXIP--derived tumors. The increased expressions of pro-apoptotic Bax, cleaved caspase-3, and p53; and decreased expression of anti-apoptotic Bcl-2, demonstrated that HBXIP was required for GC growth by inhibiting apoptosis. HBXIP knockdown down-regulated the expression of mesenchymal markers, and up-regulated the expression of an epithelial marker, whereas the opposite was observed with HBXIP overexpression. These results confirm our in vitro findings and uncover vital functions of HBXIP in GC.

Discussion {#S0004}
==========

It is widely acknowledged that many tumors have altered glucose metabolism.[@CIT0009],[@CIT0026] Glucose metabolic reprogramming can induce tumor cell proliferation, migration, and invasion, and thus, is important for tumorigenesis. For example, metabolic and oxidative stress-induced changes to glucose metabolism increased snail,[@CIT0027] inhibitor-κB kinase ε (IKKε),[@CIT0028] and HIF-1[@CIT0029] expression, which promoted cancer cell survival, growth, and metastasis. However, while there has been tremendous progress in identifying its clinical importance and potential causal factors,[@CIT0030] the molecular mechanisms underlying glucose metabolic reprogramming and its role in cancer progression, particularly in GC, have not been fully clarified.

Mammalian HBXIP, a conserved \~18 kDa protein of unknown functions, is located at position 1p13.3 on the human chromosome 1. Accumulating evidence has demonstrated that HBXIP plays a pivotal role in the progression of multiple tumor types, including breast, cervical, and ovarian cancers. Recent studies have found that HBXIP promoted breast cancer cell proliferation, migration, and angiogenesis by activating transcription factors.[@CIT0008],[@CIT0031],[@CIT0032] HBXIP was also shown to contribute to ovarian cancer cell migration by up-regulating the S-phase kinase-associated protein 2.[@CIT0033] Moreover, HBXIP overexpression in hepatocellular carcinoma resulted in endothelial cell proliferation, migration, and angiogenesis.[@CIT0034] However, the functional importance and underlying mechanisms of HBXIP in GC remain poorly understood. Hence, further research on HBXIP's role in GC progression is warranted. Here, we found that HBXIP expression was significantly higher in GC tissues and cell lines, in comparison to corresponding normal tissues and cell line (GES-1). Stepwise investigation of patient clinicopathological features showed that patients with high HBXIP expressions had larger tumors, more advanced tumor staging, and more lymph node metastasis (N1--N3). Moreover, high HBXIP expression correlated with poor prognosis. Subsequently, we explored the effects of changing HBXIP expression on GC proliferation, migration, and invasion. The results revealed that HBXIP up-regulation promoted both in vitro and in vivo proliferation, migration, and invasion, whereas the opposite was observed when HBXIP was downregulated. Moreover, HBXIP up-regulation also induced EMT, a crucial process in cancer progression, as evidenced by increased migration, invasion, expression of EMT markers, and mesenchymal cell morphology in our overexpressing cell lines and tumors. These results demonstrated that HBXIP was positively associated with GC progression.

There is mounting evidence that glucose metabolic reprogramming is a characteristic of tumorigenesis. Recently, HBXIP has been reported to contribute to glucose metabolic reprogramming in liver cancer, where it suppressed gluconeogenesis,[@CIT0018] and in breast cancer, where it down-regulated SCO2 and PDHA1 for glucose metabolic reprogramming.[@CIT0019] The role of HBXIP in GC glucose metabolic reprogramming is poorly understood. The present study demonstrated that HBXIP could promote glucose metabolism in GC cells.

It is widely acknowledged that glucose metabolic reprogramming can be driven by multiple oncogenic pathways. The metabolic shift from aerobic to anaerobic glycolysis in tumor cells is primarily mediated by the PI3K/AKT pathway. AKT promotes the activation of mammalian target of rapamycin (mTOR) and its downstream effector hypoxia-inducible factor 1-alpha (HIF1α). This leads to the induction of glucose transporter 1 (GLUT1), other glycolytic enzymes, and pyruvate dehydrogenase kinase (PDK). Consequentially, pyruvate flux into the tricarboxylic acid (TCA) cycle is suppressed.[@CIT0035] p53 is a multifaceted protein that inhibits aerobic glycolysis and has vital roles in other aspects of glucose metabolic reprogramming, as well as other biological functions such as cell cycle arrest, apoptosis, and senescence.[@CIT0004],[@CIT0036],[@CIT0037] p53 interaction with G6PD prevents its dimerization, resulting in the inhibition of PPP.[@CIT0022],[@CIT0038] Correlatively, p53 dysfunction in cancer enhances glucose consumption by accelerating PPP and glycolysis. It has been reported that HBXIP overexpression promotes an MDM2-mediated p53 degradation.[@CIT0039] The relationship between HBXIP, pAKT, and p53 have also been discussed recently. Li et al reported that HBXIP regulated the MDM2/p53 feedback loop[@CIT0039] and promoted breast cancer growth by decreasing p53 expression via the miR-18b/MDM2 and the pAKT/MDM2 pathways.[@CIT0040] Wang et al demonstrated that HBXIP contributed to the growth of a human liver cancer cell line (HepG2) by activating the PI3K/AKT pathway.[@CIT0041] Hence, we hypothesized that HBXIP affected both PI3K/AKT and p53 signaling pathways, which may be responsible for glucose metabolic reprogramming in GC. In concordance with our hypothesis, our data demonstrated that HBXIP overexpression promoted glycolysis by activating PI3K/AKT and inactivating p53. Moreover, blocking the PI3K/AKT pathway or rescuing p53 expression in HBXIP-overexpressing cells impeded cell proliferation, migration, and invasion. Collectively, these results indicate that there is a close relationship between glucose metabolic reprogramming mediated by HBXIP and the tumor cells' ability to proliferate, migrate, and invade.

This is the first study that investigated HBXIP's effect on GC glucose metabolism. Our results suggest that HBXIP promotes proliferation, migration, and invasion by up-regulating glucose metabolism through activation of the PI3K/AKT pathway and inhibition of p53. In conclusion, this study highlights potential mechanisms for glucose metabolic reprogramming by HBXIP in GC and identifies new strategies for GC treatment.
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